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Plasma spraying method is the most versatile coating technique for the deposition of high melting 
point materials such as ceramics and cermet which is used in the application of wear, corrosion and heat 
resistance. It uses the heat source generated by direct current, radio frequency or microwave as the power 
source to melt the spray particles which were injected either axially or radially inside the plasma plume. 
The accelerated particles will collide and impinged onto the surface of the substrate to fabricate the 
coating. Conventional plasma spray method possesses very high temperature plasma (above 10000 K) at 
high power (above 40 kW) which is very useful to fabricate high melting point material coating. However, 
the excessive heat input froin the plasma may influence in deterioration of material phase structure in 
some material such as ceramics and degraded some functions as well as the difficulty to fabricate coating 
onto low melting point substrate such as plastics, resin and polymers. Here, the need of using low power 
plasma to reduce the heat input onto spray and substrate material is being focused and microwave plasma 
is seen as a good candidate due to its stability in wide range of pressure and easy to pe generated at low 
power. Microwave is rarely been used as the plasma power source due to the illlknown mechanism and the 
stabilization factor of the process. Our research group has managed to generate the plasma with 
microwave at 1.0 kW of power in atmospheric condition and succeeded to fabricate Cu, Al and 
Hydroxyapatite coating. However, the mechanism and characteristics of the process is not studied well 
yet. Thus, the main objective of this research is to study the operational characteristics of low power 
microwave plasma spray method and its applicability in reducing heat input towards spray and substrate 
materials as the specialty of this technique. Moreover, the improvements and renovation of the spray 
device are also studied and presented. 
Firstly, the study on operational characteristics of microwave plasma spray in compare to conventional 
plasma spray is conducted. Here, it is known that the microwave plasma spray method possesses the heat 
efficiency comparable to the conventional plasma spray which is at the average of 30 %. The microwave 
plasma can be generated and stabilized down to 0.3 kW as the result received on plasma ignition study. 
The study on plasma and spray particles behaviour of microwave plasma spray shows that the plasma has 
the average temperature of over 4000 K and particle velocity of 135m/sat the maximum parameter. The 
substrate temperature study shows that the suppression of temperature is able to be achieved for the 
application onto heat susceptible substrates. 
The next study is worked on the applicability of microwave plasma spray in reducing the heat input 
onto substrate material. Here, the Cr coating onto carbon fiber reinforced polymer (CFRP) was conducted. 
The CFRP is focused in recent studies due to its property of high strength to weight ratio but due to the 
polymer matrix, the material surface struggles at wear and corrosion resistance in which the hard chrome 
coating is crucial to overcome this disadvantage. The conventional method for this coating production is 
hard chrome plating. However, this method needs control environment due to hazardous waste and slow in 
production which made the microwave plasma spraying method to be seen as the alternative method. 
Chromium coating has been successfully deposited onto CFRP substrate with coating microhardness 
higher than the average in hard chrome plating at above 1100 Hv. The emergence of Cr oxides confirmed 
by X-ray diffraction analysis is thought to be the factor contributing towards the increasing hardness of the 
coating. Chrome particles were mostly gathered onto the carbon fiber which appeared after the resin parts 
were melted by the plasma heat and this suggest that the mechanism of bonding is mostly by the 
mechanical· interlocking. 
The research is furthered on the applicability of microwave plasma spraying method at suppressing 
heat input onto spray materials where the study on coating deposition of Ti02 with low heat effect onto 
spray material is conducted. Titanium dioxide is a photocatalyst material focused in recent studies because 
of its magnificent properties where it possesses photocatalytic activity such as the ability to remove the air 
pollution substance and deodorizing function. Generally, the deposition method of a titanium dioxide 
coating is carried out by the fixation of titanium dioxide powder with an organic system binder but it will 
let the_degradation of the powerful catalytic -reaction of a titanium dioxide. Therefore, thermal spray is 
thought to be the alternative method but this method will induce transformation from anatase phase with 
high photocatalyst activity to rutile phase with low photocatalyst activity due to excessive heat. As a 
result, the maximum of 83 % of anatase content rate is achieved at optimum condition which suggests that 
the suppression of heat input onto spray materials is successfully obtained by using microwave plasma 
spray method. From the coating deposited by 99 % of rutile content rate titanium dioxide powder, the 
anatase content rate increased inside the as-sprayed coating proved that the nucleation of anatase phase 
occurred during the spray. The anatase content rate inside the as-sprayed coating is increased with the 
decrease of substrate temperature due to rapid cooling. 
In fifth chapter, the research tasks and future perspectives of low power microwave plasma spray 
device are discussed. Here, the research tasks are divided into three categories which cover the 
improvement in coating deposition, the device itself and enhancement that should be made. Some of the 
required optimizations of the current device are particle velocity, powder feeding method, antenna 
structure, etc. For improvement of particle velocity, electromagnetic pinch thrust by magnetic nozzle is 
considered and the experimentations as well as the magnetic field simulations are conducted. Simulation 
results help in obtaining the structure of magnetic nozzle and experimentation results show some 
improvement in particle velocity and plasma temperature by the use of magnetic nozzle. However, due to 
the elevated particle velocity is still low, further investigation should be made. 
In conclusion, this newly investigated method proved its specialty in low power plasma spray at 
extremely low power and its efficiency to deposit coating with suppress heat input effect onto substrate 
and spray materials. Future research should be conducted to improve some of its feature towards realizing 
this method in the mainstream of thermal spray technique. 
Table of contents 




1.1 Surface engineering ........................................................................... 01 
1.2 Fundamentals of thermal spray method ..................................................... 0 1 
1.3 Low power atmospheric pressure microwave plasma spray ............................... 04 
1.4 Mechanism of plasma spray methods ...................................................... 05 
1.5 Characteristics evaluation and the expected application field of low power 
atmospheric pressur-e microwave plasma spray ................................................. 1 0 
1.6 Research objectives ............................................................................. 14 
1.7 Scope of the thesis .................................. ··.···· ....................................... 15 
Chapter 2 
Characteristics evaluation of low power atmospheric pressure microwave plasma 
spray 
2.1 Introduction .................................................................................... 16 
2.2 Low power atmospheric pressure microwave plasma spray device system ........... 16 
2.3 Structure of plasma torch of atmospheric pressure microwave plasma ............... .20 
2.4 Investigation of plasma ignition conditions of plasma torch ............................ .22 
2.5 Thermal efficiency of microwave plasma spray torch ................................... 26 
i 
Table of contents 
2.6 Measurement of substrates temperature ................................................... 31 
2.7 Study on plasma behaviour .................................................................. 38 
2.8 Study on spray particles behaviour. ....................................................... .46 
2.9 Conclusions .................................................................................... 54 
Chapter 3 
Deposition of coating with supress heat input effect onto substrate materials 
3.1 Introduction ................................................................................... 55 
3.2 Test materials .............•................................................................... 58 
3.3 Experimental method ........................................................................ 61 
3.4 Evaluation method ........................................................................... 62 
3.5 Deposition of coating and the characteristics evaluations .............................. 64 
3.6 Bonding mechanism .......................................................................... 86 
3.7 Conclusions .................................................................................... 87 
Chapter 4 
Deposition of coating with supress heat input effect onto spray materials 
4.1 Introduction .............................................................................•...... 88 
4.2 Experimental procedures ..................................................................... 89 
4.3 Results and discussion ........................................................................ 94 
4.4 Conclusions .................................................................................. 107 
11 
Table of contents 
Chapter 5 
Research tasks and future perspectives 
5.1 Introduction .................................................................................. 1 08 
5.2 Research tasks regarding the microwave plasma device ............................... 1 08 
5.3 Research tasks regarding the deposition of coatings ........................ : .......... 1 09 
5.4 Research tasks regarding the enhancement of microwave plasma spray ............ llO 
Chapter 6 
General conclusions 
6.1 Conclusion remarks ............. ~········ .................................................. 118 
6.2 Significance of the study ................................................................... 120 
References ................................................................................... 122 
Publication list ............................................................................. 130 





[ 1] J. R. Davis, Handbook of surface engineering for corrosion and wear resistance, 
ASM International (200 1 ). 
[2] J. Hasui, New Publication, Thermal Spraying Engineering, Sanpo Publication, 
(1990) (in Japanese). 
[3] C. Verdon, A. Karimi, J. L. Martin, A Study of High Velocity Oxy-Fuel Thermally 
Sprayed Tungsten Carbide Based Coatings, Part 1: Microstructures, Materials Science 
Engineering A, 246 (1998) 11-24. 
[4] M. I . Boulos, ,P. Fauchais, E. Pfender, Thermal Plasmas: Fundamentals and 
Applications, Plenum Press, New York, (1994). 
[5] T. Yasui, D. Yamaguchi, Y. Kimura and M. Fukumoto, Application-of Atmospheric 
Pressure Microwave Discharge to Plasma Spray, Industrial Application of Plasma 
Process, 2 (2009) 1-7. 
[6] S. Dyshlovenko, B. Pateyron, L. Pawlowski, D. Murano, Numerical simulation of 
hydroxyapatite powder behaviour in plasma jet, Surface and Coatings Technology, 179 
(2004) 110-117. 
[7] J. S. Cho, D. S. Jung, J. M. Han, Y. C. Kang, Nano-sized a and ~-TCP powders 
prepared by high temperature flame spray pyrolysis, Materials Science and Engineering: 
c, 29 (2009) 1288-1292. 
[8] E. Lugscheider, P. Remer; C. Herbst, K. Yushchenko, Thermal Spraying: Current 
Status and Future Trends, High Temperature Society of Japan, (1995) 273-282. 
[9] J. Karthikeyan, C. C. Berndt, J. Tikkanen, S. Reddy, H. Herman, Plasma spray 
synthesis of nanomaterial powders and deposits, Materials Science and Engineering: A, 
238 (1997) 275-286. 
122 
References 
[10] C.-J. Li, B. Sun, Microstructure and property of micro-plasma-sprayed Cu coating, 
Materials Science and Engineering: A, 379 (2004) 92-101. 
[11] C. -J. Li, T. Wu, C. -X. Li, Effect of spray particle trajectories on the measurement 
signal of particle parameters based on thermal radiation, Journal of Thermal Spray 
Technology, 12 (2003) 80-94. 
[12] A. Minenaga, Master's Thesis ofToyohashi University of Technology, (2004). 
[13] M. I. Boulos, RF induction plasma spraying: State-of-the-art review, Journal of 
Thermal Spray Technology, 1 (1992) 33-40. 
[14] T. Yasui, Study of plasma generation method by the microwave for process 
applications, Doctoral Thesis of Osaka University, (1994). 
[15] S. Sato, Microwave plasma investigation ad hoc committee, Institute of Electrical 
Engineers of Japan, Technology of microwave plasma, Ohmsha, (2003) (in Japanese). 
[16TK. Tsujimoto, Master's Thesis ofToyohashi University of Technology, (2006). 
[17] A. Ganguli, R. D. Tarey, Understanding plasma sources, Current Science, 83 
(2002) 279-290. 
[18] C. Joseph, Handbook of Plasma Processing Technology, Noyes Publications, Park 
Ridge, New Jersey, (1990). 
[19] A. L. Michael, J. L. Allan, Principles of Plasma Discharges and Materials 
Processing, John Wiley, New York, (1994). 
[20] A. Seyed, Co-spraying of alumina and stainless steel by d. c. plasma jets, Doctoral 
Thesis ofUniversity of Limoges France and GIK Institute, (2004). 
[21] M. Yamada, T. Inamoto, M. Fukumoto, T. Yasui, Fabrication of Silicon Nitride 




[22] Y. L. Li, T. Ishigaki, Spheroidization of Titanium Carbide Powders by Induction 
Thermal Spray Processing, Journal of the American Ceramic Society, 84 (2012) 1929-
1936. 
[23] P. Linke, K. H. Weiss, G. Nutsch, New manufacturing technologies of two phase 
tungsten carbide. Materialwissenschaft und Werkstofftechnik, 34 (2008) 613-617. 
[24] J. Noelte, ICP Emission Spectrometry- A Practical Guide, Wiley-VCH, Weinhem, 
(2002). 
[25] Commission Directive 2013/28/EC, Official Journal of the European Union, 
(2013). 
[26] J. A. Picas, HVOF coatings as an alternative to hard chrome for pistons and valves, 
Wear, 261 (2006) 477-484. 
[27] D. Startwell, Thermal Spray Coatings as Alternative to Hard Chrome Plating, 
Welding Journal (2000) 39-43. 
[28] J. Weng, M. Wang, J. Chen, Plasma-sprayed calcium phosphate particles with high 
bioactivity and their use in bioactive scaffolds, Biomaterials, 23 (2002) 2623-2629. 
[29] 0. Yukio, High-sensitivity microwave-induced plasma mass spectrometry for trace 
element analysis, Journal of Analytical Atomic Spectrometry, 9 (1994) 745-749. 
[30] T. Yasui, D. Yamaguchi, Y. Kimura and M. Fukumoto, Proceedings of 18th 
International Symposium on Plasma Chemistry, Kyoto (2007) CD. 
[31] T. Yasui, K. Tsujimoto, T. Kondo, and M. Fukumoto, Operational characteristics 
of atmospheric pressure microwave plasma spraying onto low melting point materials, 
Proceedings of 19th International Symposium On Plasma Chemistry, Bochum (2009) 
USB. 
[32] A. Fujishima, K. Honda, Electrochemical Photolysis of Water at a Semiconductor 
Electrode, Nature, 238 (1972) 37-38. 
[33] M. R. Hoffmann, S.T. Martin, W. Choi, D. W. Bahnemann, Environmental 
Applications of Semiconductor Photocatalysis, Chemical Reviews, 95 (1995) 69-96. 
124 
References 
[34] A. Bumajdad, M. Madkour, Understanding the superior photocatalytic activity of 
noble metals modified titania under UV and visible light irradiation, Physical Chemistry 
Chemical Physics, 16 (20 14) 7146-715 8. 
[35] A. Fujishirna, K. Hashimoto, T. Watanabe, Ti02 Photocatalysis: fundamentals and 
application, BKC, Tokyo (1999). 
[36] C. Lee, H. Choi, C. Lee, H. Kim, Photocatalytic properties of nano-structured Ti02 
plasma sprayed coating, Surface and Coatings Technology, 173 (2003) 192-200. 
Chapter 2 
[1] M. J. Moran, H. N. Shapiro, D. D. Boettner, M. B. Bailey, Fundamentals of 
Engineering Thermodynamics, Wiley, (2010). 
[2] Y. Arata, Thermal Spray of Ceramics and the applications, Nikkan Kogyo 
Shirnbun, (1999) (in Japanese). 
[3] K. Mitsuharu, Fundamental of Plasma and Coating Deposition, Nikkan Kogyo 
Shimbun, (1991) (in Japanese). 
[ 4] S. Lee, Energy balance and the radius of electromagnetically pinched plasma 
columns, Plasma Physics, 25 (1983) 571-576. 
[5] H. Daidoji, Atomic spectra measurement and its application, Society Publishing 
Center, (1989) (in Japanese). 
[6] P. Fauchais, A.Vardelle, Heat, mass and momentum transfer in coating formation by 
plasma spraying, International Journal of Thermal Sciences, 39 (2000) 852-870. 
[7] M. L. Thorpe, Thermal Spray: Industry in Transition, Advanced Material Processing, 
143 (1993) 50-56. 
[8] 0. Yukio, High-sensitivity microwave-induced plasma mass spectrometry for trace 
element analysis, Journal of Analytical Atomic Spectrometry, 9 (1994) 745-749. 
125 
References 
[9] S. Sato, Microwave plasma investigation ad hoc committee, Institute of Electrical 
Engineers of Japan, Technology of microwave plasma, Ohrnsha, (2003) (in Japanese). 
[10] T. Yasui, D. Yamaguchi and M. Fukumoto, Proceedings of 5th International 
Symposium on Microwave Science and Its Application to Related Fields, Tsukuba, 
(2005) 52-53. 
[11] T. Yasui, D. Yamaguchi, Y. Kimura and M. Fukumoto, Proceedings of 2nd Asian 
Thermal Spray Conference, Korea, (2006) 62-63. 
[12] T. Yasui, D. Yamaguchi, Y. Kimura and M. Fukumoto, Proceedings of 18th 
International Symposium on Plasma Chemistry, Kyoto, (2007) CD. 
[13] A. Redza, T. Yasui, M. Fukumoto, Deposition of Hard Chrome Coating onto Heat 
Susceptible Substrates by Low Power Microwave Plasma Spray, lOP Conference 
Series: Material Science Engineering, 114 (2016) 01230, 1-10. 
[14] A. Redza, T. Kondo, T. Yasui, M. Fukumoto, High Anatase Rate Titanium Dioxide 
Coating Deposition by Low Power Microwave Plasma Spray, lOP Conference Series: 
Material Science Engineering, 114 (2016) 01231, 1-9. 
[15] R. Alvarez, A. Rodero, M.C. Quintero, An Abel inversion method for radially 
resolved measurements in the axial injection torch, Spectrochimica Acta Part B: Atomic 
Spectroscopy, 57 (2002) 1665-1680. 
[16] S. Y. Moon, W. Choe, H. S. Uhrn, Y. S. Hwang, J. J. Choi, Characteristics of an 
atmospheric microwave-induced plasma generated in ambient air by an argon discharge 
excited in an open-ended dielectric discharge tube, Physics of Plasmas, 9 (2002) 4045-
4051. 
[17] M. S. Bronet, Particle velocity measurements in induction plasma spraying, 
Plasma Chemistry and Plasma Processing, 9 (1989) 343-353. 
[18] M. Vardelle, A. Vardelle, P. Fauchais, K.-I. Li, B. Dussoubs, N. J. Themelis, 
Controlling Particle Injection in Plasma Spraying, Journal of Thermal Spray 
Technology, 10 (2001) 267-284. 
126 
References 
[19] M. Pasandideh-Fard, V. Pershin, S. Chandra, and J. Mostaghimi, Splat Shapes in a 
Thermal Spray Coating Process: Simulations and Experiments, Journal of Thermal 
Spray Technology, 11 (2002) 206-217. 
[20] M. Fukumoto, T. Yamaguchi, M. Yamada, T. Yasui, Splash Splat to Disk Splat 
Transition Behavior in Plasma-Sprayed Metallic Materials, Journal of Thermal Spray 
Technology, 16 (2007) 905-912. 
[21] C. Mundo, M. Sommerfeld, and C. Tropea, Droplet-wall Collisions: Experimental 
Studies of the Deformation and Breakup Process, International Journal of Multiphase 
Flow, 21 (1995) 151-173. 
Chapter 3 
[ 1] M. Breitsameter, Thermal Spraying versus Hard Chrome Plating, Materials 
Australasia, 32 (2000) 11-13. 
[2] Commission Directive 2013/28/EC, OffiGial Journalefthe European Union, (2013). 
[3] J. A. Picas, HVOF coatings as an alternative to hard chrome for pistons and valves, 
Wear, 261 (2006) 477-484. 
[ 4] B. D. Startwell, Thermal Spray Coatings As an Alternative to Hard Chrome Plating, 
Welding Journal, (2000) 39-43. 
[ 5] M. L. Thorpe, Thermal Spray: Industry m Transition, Advanced Materials 
Processing, 143 (1993) 50-56. 
[6] J. Karthikeyan, C. C. Berndt, J. Tikkanen, S. Reddy, H. Herman, Plasma spray 
synthesis of nanomaterial powders and deposits, Materials Science Engineering: A, 238 
(1997) 275-286. 
[7] C. J. Li, B. Sun, Microstructure and property of micro-plasma-sprayed Cu coating, 
Materials Science and Engineering: A, 379 (2004) 92-101. 
[8] C. J. Li, T. Wu, C. X. Li, B. Sun, Effect of spray particle trajectory on the 
measurement signal of particle parameters based on thermal radiation, Journal of 
Thermal Spray Technology, 12 (2003) 80-94. 
[9] T. Yasui, D. Yamaguchi, Y. Kimura and M. Fukumoto, Application of Atmospheric 
Pressure Microwave Discharge to Plasma Spray, Industrial Application of Plasma 
Process, 2 (2009) 1-7. 
127 
References 
[10] 0. Yukio, High-sensitivity microwave-induced plasma mass spectrometry for trace 
element analysis, Journal of Analytical Atomic Spectrometry, 9 (1994) 745-749. 
(11] S. Sato, Microwave plasma investigation ad hoc committee, Institute of Electrical 
Engineers of Japan, Technology of microwave plasma, Ohmsha, (2003) (in Japanese). 
[12] T. Yasui, D. Yamaguchi, Y. Kimura and M. Fukumoto, Procedings of 18th 
International Symposium on Plasma Chemistry, Kyoto (2007) CD. 
(13] T. Yasui, K. Tsujimoto, T. Kondo, and M. Fukumoto, Operational characteristics 
of atmospheric pressure microwave plasma spraying onto low melting point materials, 
Proceedings of 19th International Symposium on Plasma Chemistry, Bochum (2009) 
USB. 
(14] J. S. Cho, D. S. Jung, J. M. Han, Y. C. Kang, Nano-sized a and B-TCP powders 
prepared by high temperature flame spray pyrolysis, Materials Science and Engineering: 
C, 29 (2009) 1288-1292. 
[15] K. Tsujimoto, Master's Thesis ofToyohashi University of Technology, (2011) (in 
Japanese). 
[16] T. Kondo, Master's Thesis of Toyohashi University of Technology, (2011) (in 
Japanese). 
Chapter 4 
[1] A. Fujishima, K. Honda, Electrochemical Photolysis of Water at a Semiconductor 
Electrode, Nature, 238 (1972) 37-38. 
[2] M. R. Hoffmann, S. T. Martin, W. Choi, D. W. Bahnemann, Environmental 
Applications of Semiconductor Photocatalysis, Chemical Reviews, 95 (1995) 69-96. 
[3] A. Bumajdad, M. Madkour, Understanding the superior photocatalytic activity of 
noble metals modified titania under UV and visible light irradiation, Physical Chemistry 
Chemical Physics, 16 (2014) 7146-7158. 
(4] A. Fujishima, K. Hashimoto, T. Watanabe, Ti02 Photocatalysis: fundamentals and 
application, BKC, Tokyo (1999). 
[ 5] C. Lee, H. Choi, C. Lee, H. Kim, Photocatalytic properties of nano-structured Ti02 
plasma sprayed coating, Surface and Coatings Technology, 173 (2003) 192-200. 
128 
References 
[6] T. Yasui, D. Yamaguchi, Y. Kimura and M. Fukumoto, Application of Atmospheric 
Pressure Microwave Discharge to Plasma Spray, Industrial Application of Plasma 
Process, 2 (2009) 1-7. 
[7] N. Berger-Keller, G. Bertrand, C. Filiatre, C. Meunier, C. Coddet, Microstructure of 
plasma-sprayed titania coatings deposited from spray-dried powder, Surface and 
Coatings Technology, 168 (2003), 281-290. 
[8] M. Bozorgtabar, M. Rahimipour, M. Salehi, Novel photocatalytic Ti02 coatings 
produced by HVOF thermal spraying process, Materials Letters, 64 (2010) 1173-1175. 
[9] Y. Li, T. Ishigaki, Thermodynamic analysis of nucleation of anatase and rutile from 
Ti02 melt, Journal of Crystal Growth, 242 (2002) 511-516. 
[10] A. McDonald, C. Moreau, S. Chandra, Effect of substrate oxidation on spreading 
of plasma-sprayed nickel on stainless steel, Surface and Coatings Technology, 202 
(2007) 23-33. 
[11] T. Yasui, K.Tsujimoto, T. Kondo, and M. Fukumoto, Operational characteristics 
of atmospheric pressure microwave plasma spraying onto low melting point materials, 
Proceedings of 19th Inemational Symposium on Plasma Chemistry, Bochum (2009), 
USB. 
[12] S. Lee, Energy balance and the radius of electromagnetically pinched plasma 
columns, Plasma Physics, 25 (1983) 571-576. 
Chapter 5 
[1] P. Gougeon, C. Moreau, A New Sensor for On-Line Diagnostic of Particles Under 
Thermal Spraying Conditions, Advanced Processing Techniques, 6 (1994) 199-210. 
[2] M. I. Boulos, P. Fauchais, E. Pfender, Thermal Plasmas: Fundamentals and 
Applications, Plenum Press, New York, 1994. 
[3] H. E. Knoepfel, Magnetic Fields: A Comprehensive Theoretical Treatise for 





First and foremost, I would like to express my deepest gratitude and 
thankfulness to the Absolute Creator of the world and mankind, Allah Subhanahu Wa 
Taala, The Benefecient the Most Merciful for giving me the strength and will to 
complete this project. 
I take immense pleasure in thanking Associate Prof. T oshiaki Y asui, Prof. 
Masahiro Fukumoto, and Asst. Prof. Motohiro Yamada, for having permitted me to 
carry out this project work and especially to Prof. Toshiaki Yasui for continuous 
supports and ideas as well as guidance in order to complete this project. I also wish to 
express my deep sense of gratitude to Prof. Takayuki Shibata of MEMS/NEMS 
Processing Laboratory for the guidance and useful suggestions. 
Words are inadequate in offering my thanks to my microwave group colleagues 
of the Interface and Surface Fabrication Laboratory which are Toshiki Kondo, Keisuke 
Yamada, Mikiyasu Kamano, and as well as my labmates, Keisuke Atsumi, Takaaki 
Shimizu, Hiroki Tahara, Daichi Mano, Hiroki Mizushima, Shuta Yoshino and Yuta 
Watanabe for their encouragement and cooperation in carrying out the project work. 
Finally, yet importantly, I would like to express my heartfelt thanks to my 
beloved parents for their blessings, my wife, children and friends for their help and 
wishes for the successful completion of this project. 
132 
